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The phosphoprotein (P) of vesicular stomatitis virus (VSV) serotypes New Jersey [P(NJ)] and Indiana [P(I)] contains a
highly conserved carboxy-terminal domain which is required for binding to the cognate N-RNA template as well as to form
a soluble complex with the nucleocapsid protein N in vivo. We have shown that the deletion of 11 amino acids from the C-
terminal end of the P(I) protein abolishes both the template binding and the complex forming activity with the N protein.
Within this region, there are conserved basic amino acid residues (R260 and K262) that are potential candidates for such
interactions. We have generated mutant P proteins by substitution of these basic amino acid residues with alanine and
studied their role in both transcription and replication. We have found that the R260A mutant failed to bind to the N-RNA
template, whereas the K262A mutant bound efficiently as the wild-type protein. The R260A mutant, as expected, was unable
to support mRNA synthesis in vitro in a transcription reconstitution reaction as well as transcription in vivo of a minigenome
using a reverse genetic approach. However, the K262A mutant supported low level of transcription (12%) both in vitro and
in vivo, suggesting that direct template binding of P protein through the C-terminal domain is necessary but not sufficient
for optimal transcription. Using a two-hybrid system we have also shown that both R260A and K262A mutants interact
inefficiently with the L protein, suggesting further that the two point mutants display differential phenotype with respect to
binding to the template. In addition, both R260A and K262A mutants were shown to interact efficiently with the N protein
in vivo, indicating that these mutants form N-P complexes which are presumably required for replication. This contention
is further supported by the demonstration that these mutants support efficient replication of a DI RNA in vivo. Since the
transcription defective P mutants can support efficient replication, we propose that the transcriptase and the replicase are
composed of two distinct complexes containing (L-P2-3) and L-(N-P), respectively. q 1997 Academic Press
INTRODUCTION the genome RNA (Emerson and Wagner, 1973; Emerson
and Yu, 1975); these include the nucleocapsid (N) protein
Gene expression of vesicular stomatitis virus (VSV), a
(49 kDa), which encapsidates the genome RNA into an
rhabdovirus, has been particularly well characterized at
ordered structure that serves as the template for tran-the molecular level (Banerjee, 1987a; Banerjee and Barik,
scription and replication; the phosphoprotein (P) (301992). This is primarily due to the availability of an effi-
kDa), a subunit of RNA polymerase which functions ascient in vitro transcription reconstitution system (Das et
a transcription factor; and the RNA-dependent RNA poly-al., 1996) as well as the recently developed reverse ge-
merase L (240 kDa). The L and P protein complex fulfillsnetic system (Pattnaik et al., 1992; Wertz et al., 1994;
all the requirements of the RNA polymerase functionLawson et al., 1995; Stillman et al., 1995; Whelan et al.,
such as 5* capping, 3* polyadenylation of mRNAs (Ban-1995; Schnell et al., 1996; Barr et al., 1997; Stillman and
erjee, 1987b). During transcription, the active RNA poly-Whitt, 1997); the latter system provides an opportunity to
merase complex (L and P) recognizes the N-RNA tem-study transcription and replication of VSV genome in vivo.
plate via P protein and transcribes the genome RNA intoBoth these systems have been effectively exploited to
five discrete mRNAs. On the other hand, during replica-study the roles of the key viral proteins in VSV transcrip-
tion, the transcriptase switches to the replicative modetion and replication (Das et al., 1996; Pattnaik et al., 1997).
and synthesizes a full-length positive-sense antigenomicIt has been well established that three virus-encoded
RNA which is the required intermediate and the templateproteins are required for transcription and replication of
for negative-sense progeny genome RNA (Wertz et al.,
1987). The other important property of the P protein is to
1 Present address: MetroHealth Medical Center, Rammelkamp Build- form specific complex(es) with the N protein that presum-ing, R356, 2500 MetroHealth Drive, Cleveland, OH 44109.
ably interact and encapsidate the nascent RNA during2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (216) 444-0512. E-mail: banerja@cesmtp.ccf.org. replication, thus altering the transcriptase property of the
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RNA polymerase. Therefore, the formation of N-P com- 1987b; Gao and Lenard, 1995b). (3) Domain III, a basic
and highly conserved C-terminal 21 amino acids [90%plex appears to be primarily for the replicative function
of the RNA polymerase (Masters and Banerjee, 1988; identity between P(I) and P(NJ)] forms part or all of the
domain required for binding to the N-RNA template (GillPeluso and Moyer, 1988; Howard and Wertz, 1989; La-
Ferla and Peluso, 1989; Das and Banerjee, 1992). Since and Banerjee, 1985; Gill et al., 1986; Emerson and Schu-
bert, 1987). Deletion of C-terminal 21 amino acids abro-the P protein plays a dual role both in transcription and
replication, this protein has been studied in great detail gated its association with the N-RNA template (Gill et al.,
1986) as well as its interaction with soluble N proteinto elucidate its structure and function (Gill et al., 1986;
Emerson and Schubert, 1987; Paul et al., 1988; Barik and (Takacs et al., 1993; Takacs and Banerjee, 1995), indicat-
ing its important role in both transcription and replication.Banerjee, 1991).
Mutational and deletion analyses of the P protein of However, in previous studies (Gill et al., 1986; Paul et al.,
1988) the C-terminal domain III deletion mutants exhib-Indiana [P(I)] and New Jersey [P(NJ)] serotypes have indi-
cated at least three functional domains which play dis- ited some transcriptional activity in vitro, suggesting
binding of mutant P to template may have been mediatedtinct and separate roles in mRNA synthesis: (1) Domain
I, a highly acidic region which is located at the amino- by the L protein.
In this communication, we have focused our study onterminus of the protein (Gill and Banerjee, 1985; Hudson
et al., 1986), must be phosphorylated by cellular casein the role of basic amino acids within the C-terminal 11
amino acid region of P(I) in transcription and replicationkinase II (Barik and Banerjee, 1992a) at specific sites to
act as a potential transcriptional activator (Chattopad- that is involved in binding to the template and in soluble
N-P complex formation. The C-terminal 11 amino acidhyay and Banerjee, 1988; Takacs et al., 1991; 1992; Barik
and Banerjee, 1992b; Gao and Lenard, 1995a; Chen et region of P(I) and P(NJ) contains several conserved basic
amino acids which could conceivably interact with theal., 1997). This domain also interacts with the L protein
(Emerson and Schubert, 1987; Takacs and Banerjee, negatively charged template RNA or the enwrapped N
protein exposing an acidic region. In fact, it has been1995). Recently, using a battery of mutant P(I) proteins
containing alanine substitutions at the three CKII-medi- shown previously that the P protein interacts with spe-
cific nucleotide sequences at the 3* end of the VSV ge-ated phosphorylation sites (S60, T62, and S64) (Chen et
al., 1997) within domain I, it has been shown that the nome RNA, presumably to initiate transcription or replica-
tion (Keen et al., 1981; Isaac and Keen, 1982). Moreover,phosphorylation defective mutants were unable to sup-
port transcription in vitro and in vivo, indicating that the there is a large body of evidence that basic amino acids
play an important role in protein–DNA or protein–proteinphosphorylation in domain I is critical for P protein func-
tion in transcription (Mathur et al., 1997; Pattnaik et al., interactions (Vogt et al., 1987; Curran and Franza, 1988).
To study such possibilities in the VSV system we have1997). Spadafora et al. (1996), on the other hand, ob-
served a small but reproducible transcription (25%) me- generated point mutants of P(I) proteins by altering R260
and K262 to alanine and analyzed their abilities to sup-diated by S60/S64 double mutant of P protein at a higher
protein concentration. However, in their studies (Spada- port transcription in vitro and in vivo and replication of a
DI RNA in vivo. Our results demonstrate that the abilityfora et al., 1996) and in our recent studies (Pattnaik et
al., 1997) the replication of a DI RNA in vivo remained of the P protein to bind to both N-RNA template and
L protein is necessary for mRNA synthesis and theselargely unaffected by the phosphorylation status of the
P protein, suggesting that CKII-mediated phosphorylation residues are not involved in the formation of N-P complex
and genome RNA replication in vivo. These results indi-of the P protein may not be the essential for VSV replica-
tion. This contention is further supported by the findings cate that transcriptase complex is a different entity from
replicase with regard to its composition of the subunitthat phosphorylation negative P mutants efficiently form
soluble N-P complexes (Takacs et al., 1993; Takacs and components.
Banerjee, 1995) and can initiate the replication process
in vitro in the presence of cellular factors (Gupta and METHODS
Banerjee, 1997). (2) Domain II, which is phosphorylated
Cells and viruses
by an L protein-associated kinase (LAK) (Chattopadhyay
and Banerjee, 1987b), is also involved in the binding of VSV serotypes Indiana and New Jersey were isolated
as described previously (Banerjee et al., 1974; Barik andP protein to the L protein (Gill et al., 1986; Paul et al.,
1988). The sites of phosphorylation of P(I) were mapped Banerjee, 1991) from baby hamster (Syrian) kidney cells
(BHI-21: ATCC CCL 10) inoculated with virus stocks ob-at S226 and S227 (Chen et al., 1997), whereas S227 and
S233 by Gao and Lenard (1995b). For P(NJ), S236 and tained originally from the American Type Culture Collec-
tion (ATCC). BHK-21 cells were maintained in minimalS242 were the sites of phosphorylation (Chattopadhyay
and Banerjee, 1987b) and alteration of the serine resi- essential media supplemented with 7% fetal bovine se-
rum (FBS). Recombinant vaccinia virus (vTF7-3) carryingdues to alanine for P(NJ) and P(IND) abolished the tran-
scriptional activity in vitro (Chattopadhyay and Banerjee, the bacteriophage T7 RNA polymerase gene (Fuerst et
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al., 1986) was propagated as described before (Li and transfected with p9Aluc along with plasmids coding for
the N, P, and L proteins, the 9Aluc RNA is assembledPattnaik, 1997). Growth and purification of DI particles
(Leamson and Reichman, 1974) were as described pre- into N-RNA template, which is transcribed and replicated
by the polymerase proteins, P and L.viously (Pattnaik and Wertz, 1990).
In vitro transcription of P protein cDNAsPlasmid constructs
Plasmid DNAs were linearized with BamHI and puri-
pGEM533 which contains cDNA encoding P(I) has fied by phenol-chloroform extraction and ethanol precipi-
been described previously (Paul et al., 1988; Gill et al., tation before in vitro transcription. Wild-type P(I) was tran-
1986). Mutation within the carboxy-terminal domain III scribed with SP6 polymerase while all mutants of P(I)
were made by polymerase chain reaction (PCR) using were transcribed with T7 RNA polymerase as described
primers complementary to the 5*- or 3*-terminal 25 nucle- previously (Melton et al., 1984). Reactions contained 2.0
otides of the P cDNA. The 3*-terminal primers encoded mg linear DNA and 40U RNA polymerase in a total volume
the mutant domain III amino acid sequences and con- of 50 ml. After incubation at 377 (T7 RNA polymerase) or
tained a BamHI site after the termination codon. The at 407 (SP6 RNA polymerase) for 60 min reactions were
upstream primers were complementary to the 5*-terminal terminated as described (Drummond et al., 1985), except
25 nucleotides of the P cDNA and contained a HindIII site that 25 U RNAse-free DNAse I was added and reactions
upstream of the initiation codon. PCR conditions were 947 were incubated for a further 10 min at 377. RNA was
for 2 min, 507 for 2 min, and 727 for 2 min with a 7-min isolated by phenol-chloroform extraction and ethanol
extension at 727 after 30 cycles. Reaction products were precipitation and quantified by gel electrophoresis.
recovered from agarose gels by electroelution or Gene-
Clean II (Bio 101), cut with BamHI and HindIII, and in- In vitro synthesis of P proteins
serted into either pGEM4 (Promega) or pBS(/) (Stra-
P protein mRNAs were translated in vitro in messen-tagene) for in vitro transcription.
ger-dependent rabbit reticulocyte lysate (Amersham) orThe construction of pGALPIND has been described pre-
wheat germ extract (Promega) essentially as describedviously (Takacs et al., 1991; Takacs and Banerjee, 1995).
(Pelham and Jackson, 1976; Anderson et al., 1983). Ap-Fusion plasmids pGALPINDR260, pGALPINDK262, and
proximately 2.5 mg of each mRNA was added to 25 mlpGALPINDRK were made by PCR using the previously
translation reactions containing 10 mCi [35S]methioninedescribed pGEM4 plasmids containing the point muta-
and 1 U/ml RNAse inhibitor. Reactions were carried outtion within domain III of P(I) and appropriate oligonucleo-
at 307 (for rabbit reticulocyte) or at 257 (for wheat germtide primers that spanned the boundaries of each mutant
lysate) for 90 min and were terminated by placing reac-P gene and contained either a BamHI site (5* primer) or
tions on ice and adding a threefold dilution of ice-coldSalI site (3* primer). Each purified and digested PCR
10 mM Tris–HCl, pH 8.0, and 1 mM DTT. Reactions wereproduct was then ligated with BamHI/SalI-digested
then layered onto 0.6 ml 30% sucrose containing 10 mMpSG424. The linker joining all GAL4 and PIND gene se-
Tris–HCl, (pH 8.0), 1 mM DTT, and 0.4 M NaCl, andquences encodes the following peptide: Pro-Glu-Phe-
centrifuged to remove polysomes at 45,000 rpm at 47 forPro-Gly-Ile-Arg-Ile-Pro-Ile. The construction of pVPNIND
3 h (rabbit reticulocyte lysate) or 1 h (wheat germ extract)and pVPLIND have been described (Takacs et al., 1993;
in an SW50.1 rotor using 0.7-ml centrifuge tubes. The topTakacs and Banerjee, 1995). The reporter plasmid,
20 ml of each gradient, which did not contain ribosomes,pG5Luc, was kindly provided by Peter Staeheli. The inter-
was removed and stored at 0707 before use in bindingnal control plasmid, pCMV-bgal, was obtained from Pro-
reactions. Protein synthesis was quantified either bymega. All fusion regions and wild-type or mutant se-
counting TCA precipitable incorporation of [3 5S]-quences were verified by dideoxy sequencing.
methionine or by densitometry of an autoradiograph ofThe plasmid p9Aluc, used for in vivo transcription stud-
the proteins after analysis by SDS–PAGE. In both cases,ies, was generated by ligating a cDNA fragment encod-
the number of methionine residues in each protein wasing the luciferase gene flanked by cDNA fragments corre-
accounted for, thus proteins were used in comparablesponding to the first 64 nucleotides from the 3*-terminus
molar amounts rather than radioactivity.and 268 nucleotides from the 5*-terminus of VSV genome
into the StuI– SmaI sites of the vector V2,0 (Pattnaik et al., Purification of VSV transcription components
1992). When transcribed by T7 RNA polymerase, p9Aluc
generates a genomic-sense VSV minireplicon (9Aluc) VSV transcription was performed essentially as de-
scribed (De and Banerjee, 1984) with a number of modifi-containing the luciferase gene. The 5*-terminus of the
minireplicon contains two additional non-VSV guanosine cations. Ten milligrams of gradient-purified VSV was ini-
tially disrupted in a buffer comprising 0.4 M NaCl, 10 mMresidues and the 3*-terminus, which is generated by au-
tolytic cleavage by the ribozyme, is identical in nucleotide Tris–HCl (pH 8.0), 5% glycerol, 1.85% Triton X-100, 0.6
mM DTT, by incubation on ice for 90 min with continuoussequence to the 3*-terminus of VSV genome. In cells
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gentle rocking. The viral RNP (i.e., the genomic RNA as- gel band. Each binding assay was performed indepen-
dently, in duplicate, and results presented are an averagesociated with the N, P, and L proteins) was then purified
by centrifugation onto a 100% glycerol cushion through of these experiments.
30% glycerol, 10 mM Tris–HCl, pH 8.0, 10 mM KCl, 1.5
Reconstitution of VSV transcription in vitromM MgCl2 , 0.5 mM DTT for 120 min at 45,000 rpm in an
SW60 rotor at 47. RNP was collected from the cushion,
VSV transcription in vitro was essentially as described
which was then washed with 0.4 ml ice-cold, sterile TE.
(De and Banerjee, 1984) except that Escherichia coli-
RNP, now in 2 ml TE, was again disrupted as described
expressed, recombinant P protein was used instead of
above but in buffer containing 0.9 M NaCl and lacking
viral P protein. N-RNA (300 ng) was used for each reac-
Triton X-100 to dissociate the L and P proteins from the
tion (25 ml) which also contained 50 mM Tris–HCl, pH
N-RNA. The N-RNA was purified by centrifugation onto
8.0, 5 mM MgCl2 , 1 mM DTT, 1 mM ATP, GTP, and CTP,a 100% glycerol cushion as described before and the
100 mM UTP, 10 mCi [32P]UTP, and 1 U/ml RNase inhibitor.
high salt supernatant containing the L and P proteins
Optimum amounts of L and P for transcription were deter-
was stored at 0807. N-RNA was further purified by an-
mined before analysis of mutants. Reactions were incu-
other high salt wash, centrifugation through 15% Reno-
bated for 2 h at 307 then poly(A) tails were removed from
grafin onto a 76% Renografin cushion, followed by two
viral transcripts by incubation at 377 for 15 min with 200
serial recoveries from CsCl gradients (0.35 mg CsCl/ml
ng poly(dT) and 1 U RNAse H. Reactions were terminated
TE final concentration) by centrifugation at 45,000 rpm
by extraction with phenol-chloroform, made 0.3 M sodium
for 16 h in an SW60 rotor. N-RNA was finally recovered
acetate, and precipitated with ethanol with 5 mg carrier
by centrifugation onto a 100% glycerol cushion through
tRNA. Viral RNAs were analyzed by electrophoresis on
30% glycerol, as described earlier. Purity of the N-RNA
5% acrylamide gels containing 8 M urea.
with respect to L and P proteins was determined initially
by silver-staining of SDS–PAGE, then finally by reconsti- Purification of recombinant P proteins from E. coli
tuting transcription in vitro with recombinant (Sleat and BL21/DE3
Banerjee, 1993) or viral L protein and recombinant bacte-
Recombinant P proteins were expressed and purifiedrial P protein (Barik and Banerjee, 1991).
essentially as described previously (Barik and Banerjee,The high salt fraction containing the L and P proteins
1991). However, the final elution of the P protein fromwas dialyzed for 18 h against phosphocellulose column
DE52 was omitted as the P protein was approximately(PC) buffer (20 mM Tris– HCl, pH 7.4, 10% glycerol, and
80–90% homogeneous after passage through phospho-1 mM DTT) then fractionated by elution from a 1-ml phos-
cellulose and was as active as DE52-purified P proteinphocellulose column by a 6-ml 0–1 M NaCl gradient in
(data not shown).PC buffer. Fractions in which the L protein was com-
pletely free of P protein were identified by silver staining
Transfection and luciferase assayof 10% polyacrylamide gels and were stored at 0807
before use. If necessary, the L protein was further puri-
Transfection of CHO cells with the test, reporter, and
fied by a second salt-gradient elution from phosphocellu-
internal control plasmids has been described (Takacs
lose to remove any remaining contaminant P protein de-
and Banerjee, 1995). A b-galactosidase assay was per-
tected by transcription reconstitution but not by silver
formed on all extracts. Approximately 0.05–0.1 mg of P
staining. / N containing extracts and 1–3 mg of P / L containing
extracts were assayed for luciferase activity using Pro-
Quantitative binding of P proteins to N-RNA in vitro mega’s Luciferase Assay System. The percentage of lu-
ciferase activity of each sample was determined by divid-
N-RNA (2 mg) was incubated with 35S-labeled P pro-
ing the luciferase activity by the b-galactosidase reading
teins in a reaction volume of 50 ml containing 50 mM
and then expressed as a percentage of pGALPwt /
Tris–HCl, pH 8.0, 5 mM MgCl2 , and 1 mM DTT for 60 pVPNwt or pGALPwt / pVPLwt, which was set to repre-
min at 307. Reactions were placed on ice then layered
sent 100%.
onto 600 ml of the same buffer containing 30% glycerol
and centrifuged for 3 h at 45,000 rpm in the SW50.1 In vivo transcription and replication analysis
rotor in 0.7-ml centrifuge tubes. The glycerol was gently
removed with a Pasteur pipette and the sides of the tube BHK-21 cells in 35-mm 6-well plates or 60-mm plates
grown to approximately 90% confluency were infectedwere dried using tissue paper. The N-RNA pellet and
any associated P proteins were resuspended in Laemmli with vTF7-3 at an m.o.i. of 10 and subsequently trans-
fected with various combinations of plasmids. At 4–5loading buffer and analyzed on 10% polyacrylamide gels.
Binding of P protein to the N-RNA was quantified by h posttransfection, cells were washed twice in DMEM
supplemented with 2% FBS and incubated with the ap-excision, solubilization (TS-2 tissue solubilizer, Research
Products International), and counting of the appropriate propriate volume of the same medium. For transcription
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studies, cell extracts were prepared at 20–24 h post-
transfection and luciferase activity (as a measure of tran-
scription) in cell extracts was determined using lucifer-
ase reagent kit according to the manufacturer’s protocol
(Promega Biotech, Madison, WI). For replication studies,
cells at 4–5 h posttransfection were superinfected with
DI particles and replication assay was performed essen-
tially as described previously (Pattnaik and Wertz, 1990).
RESULTS
The role of C-terminal conserved basic amino acid
residues of P in the interaction with the N-RNA template.
If one aligns the C-terminal sequences of P(NJ) and P(I),
the carboxy-terminal sequences are the most conserved
regions, with only two nonconserved changes in 21
amino acids (Fig. 1A). It was previously shown that dele-
tion of 21 amino acids at the carboxy-terminus of either
P(I) or P(NJ) greatly decreased interaction with the tem-
plate (Gill et al., 1986; Paul et al., 1988). To locate more
precisely the template binding domain of the P protein,
we first deleted 11 amino acids from the C-terminal end
of P(I) and tested its ability to bind cognate N-RNA tem-
plate. As shown in Fig. 1B, deletion of the C-terminal 11 FIG. 2. (A) The 11 carboxy-terminal amino acids of P(I) and P(NJ).
amino acids of P(I) reduced the template binding activity The divergent and conserved amino acid residues are shown in bold
type or underlined, respectively. The different P(I) mutants indicating
the conversion of basic residues to alanine. (B) Binding of P(I) mutants
to homologous N-RNA template. 32,000 cpm of each P(I) mutant was
used in the binding reaction in the same way as described in the
legend to Fig. 1. The binding of wild-type P was set to represent 100%.
by greater than 80%. These results further narrow the
template binding domain of the P protein and indicate
that at least C-terminal 11 amino acid is required for
efficient binding of P to the N-RNA template. Similar re-
sults were also obtained with P(NJ) (data not shown).
Within these C-terminal 11 amino acids, there are two
conserved basic residues which could potentially inter-
act with the negatively charged RNA template or with an
acidic domain exposed in the enwrapped N protein (Fig.
2A). Note that the P(NJ) contains an additional arginine
residue at position 273 within the C-terminal 11 amino
acid region that is not conserved in P(I) (which is ser at
264). The conserved basic amino acid residues were
altered to a neutral amino acid, alanine, and the effect
of these alterations in the binding ability of P(I) protein
FIG. 1. (A) Amino acid sequence alignment of the 21 carboxy-terminal to the homologous N-RNA template was studied and the
residues of the P protein of VSV serotypes, Indiana and New Jersey. results are shown in Fig. 2B. Substitution of arginine 260
Dots and asterisks represent conserved and nonconserved amino
with alanine resulted in a P protein that lost greater thanacids, respectively, in the two sequences. (B) Binding of carboxy-termi-
80% of its activity to bind to the N-RNA template, whereasnal deletion mutant P protein to N-RNA . Different amounts of P protein
were bound to the N-RNA template as described under Materials and alteration of lysine 262 to alanine, the N-RNA template
Methods. The bound P was recovered by pelleting through glycerol binding activity was similar to the wild-type P protein
and analyzed in 10% SDS–PAGE. Binding of P to the N-RNA was (75%). Alteration of both basic residues to alanine de-
quantified by the excision, solubilization, and counting of the appro-
creased the template binding activity of the P protein topriate gel band. The binding of wild-type P was set to represent 100%.
about the same extent as that of the single arginine mu-32,000 cpm of wild-type P was used along with comparable molar
quantities of the mutant. tant (Fig. 2B). These results strongly suggest that the
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lacked template binding activity virtually did not support
viral transcription (1%) (Fig. 3). It should be noted here
that the other nonbasic nonconserved amino acid resi-
dues, Val 261 or Ser 264 of P(I), when altered to alanine
(which showed efficient binding to the template), also
supported high levels of mRNA synthesis (data not
shown). However, the P(I) (K262A), which efficiently
bound to N-RNA template (Fig. 2), supported reproducibly
only 12% mRNA synthesis (Fig. 3), using either virion
purified L protein or recombinant L protein purified from
insect cells (Mathur et al., 1996) (data not shown). To
further confirm the in vitro results, we examined VSV
minigenome transcription in vivo using the reverse ge-
netic approach. To do this, a plasmid p9Aluc encoding
a transcription competent mini VSV genome RNA was
used. The RNA generated from the cDNA by T7 RNA
polymerase is of negative sense which contains 3*- and
5*-terminal cis-acting sequences flanked by an anti-
sense-luciferase gene. In cells transfected with the plas-
mid encoding the minigenome and the plasmids encod-
ing for the VSV proteins N, P, and L, the minigenome
RNA is encapsidated first by the N protein to generate
N-RNA complex to be used as a template for transcription
by L and P proteins to generate luciferase mRNA. Tran-
scription activity was measured by assaying for lucifer-
ase activity in the cell extract. To examine the ability of
various P mutants in transcription, BHK 21 cells infected
with vTF7-3 were transfected with plasmids encoding N,
L, the wt or mutant P proteins, and the plasmid p9Aluc
FIG. 3. Transcription of N-RNA by parental and mutant P proteins in encoding the VSV minigenome. At 20–24 h posttransfec-
vitro. The recombinant P proteins were purified from bacteria. Each tion, cell extracts were prepared and luciferase activity
reaction contained 300 ng of N-RNA template, 50 ng of viral L, and
was measured. The results shown in Fig. 4 clearly indi-100 ng of P protein. mRNAs were processed and separated on a 5%
cate that the effect of the mutant P proteins in transcrip-polyacrylamide gel containing 8 M urea as described under Materials
and Methods. tion in vivo is similar to that obtained in vitro; i.e., R260A
single conserved arginine residue [260 of P(I)] at the C-
terminal end of the P protein regulates its binding with
the N-RNA template. Alteration of nonconserved amino
acids, i.e., valine 261 [which is M270 in P(NJ)] or serine
264 [which is R273 in (PNJ)] had no effect in template
binding activity of the P protein (data not shown).
Transcriptional activity of P mutants. To correlate the
template binding property of the P mutants with transcrip-
tional activity, we reconstituted VSV genome RNA tran-
scription in vitro using homologous N-RNA template and
L protein purified from virus and various mutant P pro-
teins purified from E. coli (Barik and Banerjee, 1991). We
also tested the activity of the P protein mutant with C-
terminal 11-amino acid deletion. This mutant cDNA was FIG. 4. In vivo transcription by mutant P proteins. BHK-21 cells were
constructed by the insertion of a stop codon at the re- infected with vTF7-3 and cotransfected with 1.5 mg of pN, 0.5 mg of pL,
2 mg of p9Aluc, and 1 mg of wt or mutant pET-P plasmids. At 24 hquired site in the cDNA.
posttransfection, cytoplasmic extracts (100 ml) from these cells wereDeletion of the 11 carboxy-terminal amino acids of P(I)
prepared and luciferase activity in 10-ml aliquots of each extract was
completely abrogated viral transcription (Fig. 3), indicat- determined. Relative transcriptional activity of each mutant P protein
ing that C-terminal 11 amino acids are essential for was determined with wild-type P activity as 100%. Average and range of
transcription activities from three independent experiments are shown.mRNA synthesis. Similarly, the mutant P(I) (R260A) which
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was inactive in transcription (1%), whereas K262A dem-
onstrated a measurable activity (12%). All mutant proteins
were expressed at levels similar to that of wild-type P
protein (data not shown). Thus, the above results strongly
suggest that the R260 regulates binding of P protein to
the template and alanine mutation that abrogates this
binding also abrogate transcription activity of the protein.
However, this does not appear to be the case with K262,
which is not involved in template binding but alanine
substitution at this site leads to inefficient transcription
by this protein.
Ability of P mutants to interact with L. To carry out
faithful viral transcription, an association between the
template, P, and L is essential. Since the lysine mutant
(K262A) only supports 12% mRNA synthesis despite its
efficient binding to the template (80%), a possibility exists
FIG. 5. Ability of mutant P proteins to bind L in vivo. CHO cells werethat this mutant lacks the ability to bind to the L protein.
cotransfected with pGALP mutants, pVPL, and reporter plasmids. TheTo determine whether the conserved basic amino acids
resulting cell extracts were then assayed for luciferase activity as de-
at the C-terminal end of the P protein also plays an im- scribed under Materials and Methods. The luciferase activity of Pwt
portant role in its interaction to the L protein, we investi- was set to represent 100%. Values shown are the average of at least
three independent experiments with the standard deviation indicated.gated the in vivo association of the P and L proteins of
Indiana serotype using the GAL4 /VP16-based two-hybrid
system (Takacs et al., 1993). Plasmids were prepared
P protein play an important role in the interaction withwhere one contained the cDNA encoding the GAL4 DNA-
the N-RNA template and the L protein and thus, facilitatebinding domain fused to cDNA encoding the amino termi-
viral mRNA synthesis. Besides its important role in tran-nus of the P protein and the other contained VP16 tran-
scription, the P protein also plays a crucial role in viralscriptional activation domain fused to the amino terminus
replication by complexing with the N protein in the in-of the L protein. These two plasmids were transfected
fected cells where the latter encapsidates nascent RNAinto CHO cells along with a reporter plasmid containing
chains resulting in the formation of N-RNA complexesthe GAL4 DNA binding sites followed by the luciferase
containing full-length genomic or antigenomic RNAsgene serving as a reporter gene. The ability of the chime-
(Wertz et al., 1987). The P protein has been proposedric P and L proteins to associate in vivo was measured
to facilitate the replication process by maintaining theby the activation of the luciferase gene by the VP16 trans-
otherwise insoluble N protein in a replication-competentactivating region. When pGALPIND or pVPLIND were trans-
soluble state (Peluso and Moyer, 1988; Howard andfected separately with the reporter plasmid, no luciferase
Wertz, 1989; Das and Banerjee, 1992). Using a two-hybridactivity was detected, indicating that neither the P protein
system we have previously demonstrated such a specificnor the L protein have any transactivating ability (data not
and extremely efficient interaction between the N proteinshown). However, when both plasmids were transfected
and the P protein of both NJ and IND serotypes (Takacsalong with the reporter plasmid, a significant level of
et al., 1993; Takacs and Banerjee, 1995). The resultsluciferase activity (50-fold over the background) was ob-
showed that the C-terminal 11 amino acids of the P pro-served using 1 mg of cell extract, indicating specific in
tein are directly involved in such N-P association, sincevivo interaction between the P and the L protein (Fig. 5).
deletion of C-terminal 11 amino acids totally abolishedWe then tested whether the P mutants, R260A and K262A,
the N binding activity of P(I) (Takacs and Banerjee, 1995;could associate with the L protein in this two hybrid
Fig. 6). To determine whether the conserved arginine orassay. Figure 5 shows that none of the P mutants was
lysine residue within this region has any role in the solu-able to bind the L protein compared to the wild-type P
ble interaction between N and P, we carried out N-P(10–15% activity with respect to wild-type). Thus, the low
interaction studies using GAL4/VP16-based two-hybridlevel of transcriptional activity (12%) of K262A mutant is
system as described above. Plasmids were prepared thatpossibly due to its weak interaction with the L protein.
encoded the GAL4 DNA-binding domain fused to theThese results suggest that the conserved basic residues
amino terminus of the P protein and the VP16 transcrip-within the C-terminal 11 amino acids of the P protein
tional activation domain fused to the amino terminus ofalso play an important role in the interaction with the
the N protein. These two plasmids were transfected intoRNA polymerase L.
CHO cells and the ability of the P and N to associateAbility of P mutants to form complex with N protein.
was measured in terms of luciferase activity as describedThe results of mutational analyses indicate that the C-
terminal conserved arginine and lysine residues of the for L-P interaction. As shown in Fig. 6, none of the single
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DISCUSSION
The phosphoprotein P of VSV has a dual function in
viral RNA synthesis. It interacts with the L protein to form
the active RNA polymerase complex which transcribes
the N-RNA template into mRNAs, the L-P complex appar-
ently binds to the template via P protein and the C-termi-
nal domain III of the P protein is involved in such interac-
tion (Gill et al., 1986; Emerson and Schubert, 1987; Paul
et al., 1988). In case of replication, the L-P complex syn-
thesizes the full-length genomic and antigenomic RNAs
in the presence of N protein that facilitates encapsidation
of the nascent RNA chains (Wertz et al., 1987; Banerjee
and Barik, 1992). Both in vitro as well as in vivo studies
indicate that the P protein needs to associate with the
N protein to keep the latter in a replication competent
state (Masters and Banerjee, 1988; Peluso and Moyer,
1988; Howard and Wertz, 1989; LaFerla and Peluso, 1989;
Das and Banerjee, 1992). Mutational analyses reveal that
the C-terminal domain III is also involved in the interac-FIG. 6. Association of mutant P proteins with wild-type N in vivo.
tion of the P protein with the N protein (Takacs et al.,Luciferase activity in cell extracts of CHO cells transfected with pGALP
mutants and pVPN. The luciferase activity of Pwt was set to represent 1993; Takacs and Banerjee, 1995). Thus, the C-terminal
100%. Values shown are the average of three independent experiments domain III (21 amino acids) of the P protein which is
with the standard deviation indicated. highly conserved between the two serotypes, NJ and
IND, plays a vital role in binding to the template as well
P mutants had any effect in their interacting ability with as the N protein, thus regulating transcription and repli-
the N protein. The K262A mutant in fact interacted more cation, respectively. In this study, we have addressed
strongly with the N protein; i.e., 130% of the wild-type P. the role of specific amino acids within domain III that
The double mutant (RK r AA) supported 50–60% binding are involved in binding to the N-RNA template as well
activity with respect to wild-type P. Thus, we conclude as to the N protein and correlated these activities with
that the conserved arginine or lysine residues within the VSV genome RNA transcription and replication.
C-terminal 11 amino acids of P are not involved in the Previous studies have demonstrated an obligatory re-
interaction of the P protein with N protein in vivo. quirement of the highly conserved carboxy-terminal do-
Replication of a DI RNA in cells expressing mutant P main III (21 amino acid) of VSV P for its physical associa-
proteins. Since the mutation of the basic amino acids
does not affect the formation of N-P complex, we were
interested to examine whether the N-P complexes
formed by the mutant P proteins could support VSV repli-
cation. We used an in vivo assay system to determine
the ability of mutant P proteins to support DI RNA replica-
tion as described earlier (Pattnaik and Wertz, 1990). BHK-
21 cells infected with vTF7-3 were transfected with plas-
mids encoding the N, L, and the wt or mutant P proteins.
Under the transfection conditions, comparable amounts
of the proteins were synthesized in the transfected cells
(data not shown). Following superinfection with DI parti-
cle, the replication of DI RNA was analyzed by labeling
with [3H]uridine. As shown in Fig. 7, CD11 mutant, which
is incapable of forming N-P complex, did not support DI
replication. The two individual basic amino acid substitu-
tion P mutants supported comparable levels of DI RNA
FIG. 7. In vivo replication of DI RNA supported by mutant P proteins.replication with respect to the wild-type P protein. The
BHK-21 cells in 60-mm plates were infected with vTF7-3 and subse-double mutant that showed 50% N protein binding activity
quently transfected with 3 mg of pN, 1 mg of pL, and 2 mg of wt or(Fig. 6) supported replication at a level approximately
mutant pET-P plasmids. After superinfection with DI particles at 4 h
50% of the wild-type protein. From these results, we con- postinfection, DI RNA replication was analyzed as described under
clude that the conserved basic amino acids are not es- Materials and Methods. (0) and (/) indicate the genomic and antigeno-
mic DI RNAs.sential for P function in replication of VSV RNA.
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tion with the N-RNA template (Gill et al., 1986; Emerson have caused specific structural alterations of the P pro-
tein such that its template interactive domain (C-terminaland Schubert, 1987; Paul et al., 1988). We demonstrate
here that the deletion of C-terminal 11 amino acids of end) perhaps remained intact but lost its ability to bind to
the L protein. Thus, the C-terminal 11 amino acid regionP(I) completely abrogated the association of P with the N-
RNA template (Fig. 1), thus further narrowing the template regulates interaction with two components of the tran-
scription complex, one with the N-RNA template and thebinding region within the C-terminal domain. Within this
region, there are a number of basic residues which are other with the L protein. It is important to note that the P
protein undergoes dimerization or trimerization followinghighly conserved between the two serotypes (Fig. 2).
These amino acids have the potential to interact with the phosphorylation (Gao et al., 1996; Das et al., 1995). This
structural alteration activates P function in transcriptionN-RNA template by virtue of being positively charged
which may facilitate interaction with negatively charged and helps P protein to complex with the L protein (Gao
and Lenard, 1995b). The precise oligomerization domainRNA genome. In fact, using methylation protection exper-
iments, it was shown that the P protein interacts at a within the P protein has not been established at the
present time. Thus, it remains to be seen whether thespecific nucleotide sequence within the 3* terminal
leader complement region of VSV genome RNA (Keen et mutant R260A or K262A is also defective in oligomeriza-
tion which may also be a factor for exhibiting transcrip-al., 1981). This finding is taken as the evidence that P
protein may actually interact with the genome RNA via tion-negative phenotype.
Previous studies on the role of the carboxy-terminalRNA sequences through its contact with the enwrapped
N protein; however, the possibility remains that the P domain III of the P protein in transcription also concluded
that deletion of this region abrogated binding to the N-protein may also interact with the N protein via some
acidic region exposed on the N-RNA structure. Since RNA template (Gill et al., 1986; Paul et al., 1988). How-
ever, in those studies the C-terminal deletion mutantsinvolvement of basic amino acid residues in the interac-
tion of DNA binding domain of several eucaryotic tran- (CD11) were found to support transcription to some ex-
tent in an in vitro reconstitution reaction. A possible ex-scription factors with cognate DNA sequence has been
reported, it is logical to speculate that the interaction of planation for this discrepancy is due to the difference in
methods used in the earlier studies to truncate the car-P to RNA may be a prerequisite for its transactivation
property (Vogt et al., 1987; Curran and Franza, 1988). boxy-terminal end of the P. Cleavage of cDNA by restric-
tion endonuclease or the oligonucleotide-directed RNaseThus, the basic amino acid residues at the C-terminal
domain III are potentially important for studying the inter- H cleavage of SP6-derived mRNAs, if not complete, could
allow synthesis of wild-type P protein, which may not beaction of the P protein with the template. We have altered
the conserved basic amino acids located at the C-termi- detectable by SDS–PAGE but sufficient to support RNA
synthesis. In this report, deletion mutants of P were madenal 11 amino acids region to alanine and tested their
ability to bind to the template and correlated with their by the insertion of a stop codon, thus, eliminating com-
pletely the generation of full-length P. This conclusion isability to support viral mRNA synthesis both in vitro and
in vivo. The data shown here demonstrate that the P also borne out by our observation that truncation of P by
11 amino acids resulted in a clear shift in its electropho-mutants which do not bind to the N-RNA template (CD11,
R260A) also do not support transcription both in vitro and retic mobility (data not shown). Thus, it can be concluded
that P mutant CD11 not only fails to bind to template butin vivo. Mutation of two nonconserved amino acids [Val
261 and Ser 264 of P(I)] did not affect binding to the is also transcriptionally inert.
Finally, we studied the role of the conserved basictemplate and showed wild-type levels of transcription
activity (data not shown). Interestingly, the P mutant amino acids within the C-terminal 11 amino acid region
of P protein in viral replication. It has been proposed thatP(K262A), which efficiently binds to the template (80%),
failed to support significant transcription (12%), indicating the P protein needs to interact with the N protein to keep
the latter in a replication competent state such that thethat the ability of the VSV P protein to interact with the
N-RNA template is required but not sufficient to allow N protein may encapsidate the genome RNA during the
replication process (Peluso and Moyer, 1988; Howardtranscription to occur.
Besides binding to the template, the P protein needs and Wertz, 1989; Das and Banerjee, 1992). We have
shown previously using a two-hybrid system, that the C-to interact with the L protein to form the active RNA
polymerase complex for transcription of the genome terminal 11 amino acid region of the P protein strongly
interacts with the N protein to form the N-P complexRNA. There is a possibility that the P mutant that binds
to the template, yet transcriptionally inert, may not form (Takacs et al., 1993; Takacs and Banerjee, 1995); deletion
of the C-terminal 11 amino acids from P(I) completelyan active L-P complex for transcription to occur (Gao and
Lenard, 1995b). Indeed, the results from the studies using abolished the N binding activity of the P protein. Here,
we have demonstrated that the mutation of the conservedin vivo two-hybrid system clearly demonstrated a weak
interaction of the P mutant P(K262A) with the L protein. arginine or lysine has no effect in domain III mediated
N-P complex formation, suggesting that the amino acidsThus, it seems that the mutation of lysine residue may
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other than these basic residues within the C-terminal 11 in vitro and in vivo, can efficiently support replication of
DI RNA in vivo (Pattnaik et al., 1997). Since these P mu-amino acid region might be involved in the interaction
between P and the N protein. Since the transcriptionally tants can form soluble N-P complexes in vivo, it seems
that the replication is mediated by a replicase complexdefective P mutant proteins (R260A or K262A) can form
N-P complexes like wild-type P (Fig. 6) it was important consisting of L and (N-P*) (where P* is a phosphorylation
defective mutant). The involvement of host factors in theto study the effect of such mutation in replication. Our
results clearly indicate that the transcriptionally defective replicase function is borne out by our recent findings that
bacterially made N-P complex initiates replication of themutant P proteins efficiently supported DI replication in
vivo. However, the transcriptionally defective CD11 mu- genome RNA in vitro only in the presence of cell extract
(Gupta and Banerjee, 1997). Further investigation alongtant, which is unable to form N-P complex, did not sup-
port DI-replication, suggesting that the N-P complex for- this line will help us understand the structure and func-
tion of the transcriptase and replicase complex of VSV.mation is the determining factor for genome RNA replica-
tion. Thus, it seems that the subunit complex that
regulate the transcriptive function of the P protein is quite
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